Epidermal growth factor (EGF) stimulates surfactant protein A (SP-A) synthesis in fetal lung tissue through ligand binding to the EGF receptor. We hypothesized that inhibition of EGF receptor messenger RNA (mRNA) would block SP-A expression in human fetal lung tissue during alveolar type II cell differentiation in vitro. Midtrimester human fetal lung explants were maintained in serum-free Waymouth's medium for 3 to 5 d in the presence or absence of an antisense 18-mer phosphorothioate oligonucleotide (ON) complementary to the initiation codon region of EGF receptor mRNA. Sense and scrambled ONs similarly modified were used as additional controls. The concentration of EGF receptor mRNA was semiquantitatively determined by reverse transcriptase/polymerase chain reaction (RT-PCR). We found a significant 3-fold decrease in EGF receptor mRNA levels in the antisense-treated groups compared with the control group with no effect in the sense condition. Immunohistochemical staining revealed a decrease in the amount of staining for EGF receptor protein in distal pulmonary epithelial cells in the antisense-treated groups compared with either control or sense conditions. Treatment with antisense EGF receptor ON decreased both SP-A mRNA and protein compared with controls with no effect in the sense condition. The ONs did not affect tissue viability as measured by the release of lactate dehydrogenase. We conclude that selective degradation of EGF receptor mRNA with antisense ON treatment results in a decrease in SP-A expression in human fetal lung. These findings support the critical importance of the EGF receptor for the regulation of SP-A gene expression during human alveolar type II cell differentiation.
Epidermal growth factor (EGF) is one of many regulatory peptide growth factors and hormones involved in fetal lung development (1) (2) (3) . EGF binding results in dimerization of the EGF receptor, which in turn stimulates intrinsic tyrosine kinase activity leading to autophosphorylation of the receptor (4) . The activated receptor initiates a signal transduction pathway through which mitogenesis and other cellular activities are regulated (5) . Transforming growth factor-␣ (TGF-␣ ) (1), as well as amphiregulin (6) , betacellulin (7) , and heparin-binding EGF-like growth factor (8) , binds to the EGF receptor, making this receptor a common pathway through which several growth factors modulate cellular activity.
In fetal lambs, EGF increases alveolarization and reduces the severity of respiratory distress syndrome (9) . In fetal rabbits, EGF improves pulmonary compliance (10) and stimulates surfactant phospholipid synthesis (11) . In fetal rhesus monkeys, EGF stimulates surfactant protein A (SP-A) synthesis, enhances alveolar differentiation, and reduces the severity of respiratory distress syndrome (12) . EGF also stimulates surfactant phospholipid synthesis (13) and alveolar type II cell differentiation (14) in fetal rat lung explants and branching morphogenesis in fetal mouse lung explants (15) .
In human fetal lung explants, EGF stimulates SP-A synthesis (16) . Ligands for the EGF receptor have been found in human fetal lung tissue. EGF has been identified in fetal tracheobronchial and distal airway epithelium (17) . After 24 wk gestation, both EGF and TGF-␣ are detectable by immunostaining in alveolar type II cells (17) . TGF-␣ has also been detected in epithelial cells lining prealveolar ducts (18) and in both tracheal and distal airway epithelium throughout gestation (17) . Furthermore, messenger RNA (mRNA) for both ligands is found in mesenchymal tissue from human fetal lung throughout gestation (17) , observations suggestive of a paracrine effect of EGF/TGF-␣ on alveolar type II cell differentiation. EGF receptor protein and mRNA are found in alveolar epithelium from midtrimester human fetal lung explants that have undergone spontaneous differentiation in vitro (19) . Thus, the presence of EGF receptor and its ligands in distal pulmonary epithelium during human fetal lung development suggests a regulatory role for EGF in type II cell differentiation. Whether EGF receptors are required for alveolar type II cell differentiation or just simply associated with alveolar epithelium during alveolar type II cell differentiation needs to be addressed.
One strategy to address the issue of causality would be to block human EGF receptor activity. In other species, inhibiting the EGF receptor interferes with fetal lung development. In mutant mice in which the EGF receptor is lacking, the alveolar epithelium remains undifferentiated and the lungs are inadequately inflated (20) . In a second EGF receptor gene-deletion mouse model, Miettinen and coworkers (21) showed that neonatal EGF receptor-deficient mice have impaired branching morphogenesis and alveolar type II cell immaturity. In cultured embryonic mouse lungs, exposure to a tyrosine kinase inhibitor (tyrphostin) blocks branching morphogenesis (15) . In cultured rabbit type II cells, exposure to tyrosine kinase inhibitors (tyrphostin and genistein) also decreases thymidine incorporation and cell proliferation (22) . Branching morphogenesis is decreased in mouse embryo lungs treated with antisense oligonucleotides (ONs) that inhibit EGF expression (23) , and alveolar type II cell differentiation is inhibited in fetal mice treated with antimouse EGF antiserum (24) .
We have previously reported that treatment of sponta-neously differentiating human fetal lung explants with EGF receptor tyrosine kinase inhibitors (tyrphostin AG-1478 and genistein) resulted in a decrease in SP-A gene expression (25) . This work demonstrated the importance of tyrosine kinase-dependent pathways in the regulation of SP-A during human fetal lung development. However, the possibility exists that other tyrosine kinases, independent of the EGF receptor tyrosine kinase, could also have been affected by the pharmacologic agents used, and thus the observed effect may not solely represent the function of the EGF receptor.
To address the problem of specificity, we selectively inhibited EGF receptor gene expression using modified antisense ONs. We hypothesized that selective inhibition of the pulmonary EGF receptor would lead to decreased expression of human SP-A. To test our hypothesis, we measured concentrations of SP-A mRNA and protein in spontaneously differentiating human fetal lung explants cultured for 3 to 5 d in the presence of an antisense 18-mer phosphorothioate ON targeted against EGF receptor mRNA.
Materials and Methods

Organ Culture
Human fetal lung tissue was obtained under a protocol approved by the University of Iowa Human Subjects Review Committee. The explants were prepared from lung tissue obtained from midtrimester abortuses (15 to 20 wk), as previously described (26) . The major airways were removed and the distal lung tissue was minced into 1-mm 3 pieces with a razor blade under sterile conditions. The minced tissue was placed on a piece of lens paper that rested on a metal grid inside of a 35-mm culture dish containing 1 ml of serum-free Waymouth's MB 752/1 medium (GIBCO BRL, Grand Island, NY) with added penicillin G (100 U/ml), streptomycin (100 g/ml), and amphotericin (0.25 g/ml). The explants were incubated at 37 Њ C in a humidified atmosphere of 5% CO 2 and 95% air for 3 to 5 d with the media changed daily. Starting tissue (human fetal lung tissue before culture) and the harvested explants were frozen in liquid nitrogen and stored at Ϫ 70 Њ C until subsequent analysis. All experiments were conducted with explants prepared from individual fetuses.
Antisense Oligonucleotides
An 18-mer antisense phosphorothioate ON of the following sequence (5 Ј -GAGGGTCGCATCGCTGCT-3 Ј ), targeted against the human EGF receptor mRNA (27) and spanning the initiation codon, was synthesized by Oligos Etc., Wilsonville, OR. A sense ON (5 Ј -AGCAGCGATGCGACCCTC-3 Ј ) similarly modified, a scrambled ON (5 Ј -AGGGCTATCGGTGCTCGC-3 Ј ) continuing the same frequency of nucleotides as the antisense ON, and a carrier only condition were used as controls. Lipofectamine (GIBCO BRL) was used as a carrier of the ONs, and we modified the manufacturer's protocol for transfection of cells as follows. We prepared the following two solutions: First, we added 45 nmol of ON to 100 l of Opti-MEM I (GIBCO BRL) to create solution A. Then, we added 20 l of lipofectamine to 100 l of Opti-MEM I to create solution B. Solutions A and B were mixed together and then incubated at room temperature for 15 min to form DNAliposome complexes. The resulting complexes were added to 35-mm culture dishes containing the explants together with serumfree Waymouth's medium to reach a final total volume of 500 l. The amount of ON used was previously determined so that the final concentration when added to the media containing the explants would be 90 M. The media were changed daily at which time fresh ON was added as described previously. The explants were harvested after 3 to 5 d. Cytotoxicity was assessed by measuring the release of lactate dehydrogenase (LDH) (LDH assay, LDL-20 kit; Sigma Chemical Co., St. Louis, MO) into the media.
Reverse Transcriptase/Polymerase Chain Reaction
Steady-state levels of EGF receptor mRNA present were determined by reverse transcriptase/polymerase chain reaction (RT-PCR). Total RNA was isolated by a single-step acid-phenol-chloroform extraction method (28) . Reverse transcription to complementary DNA (cDNA) was performed using 1 g of total RNA per condition, 100 ng of 18-mer oligo(dt), 500 M of each deoxynucleotide triphosphate (dNTP), Moloney mouse leukemia virus (MMLV) buffer, RNase inhibitor (40 U), bovine serum albumin (BSA; 5 g), MMLV-reverse transcriptase (200 U), and sterile distilled water for a total volume of 30 l. The mixture was incubated for 1 h at 37 Њ C, and the resulting cDNA was stored at Ϫ 70 Њ C.
All PCR procedures were carried out in a laminar flow hood using positive-pressure displacement pipettes. We used a master mix that contained PCR amplification buffer (2 mM MgCl 2 , 60 mM Tris-HCl [pH 8.5], 15 mM NH 4 SO 4 ), dNTPs (2 mM, final concentration ϭ 0.1 mM), together with the 5 Ј primer (5 Ј -TATTGA-TCGGGAGAGCCG-3 Ј ) and the 3 Ј primer (5 Ј -TGGGCAGC-TCCTTCAGTC-3 Ј ). The primers were complementary to the sequence for the human EGF receptor cDNA (27) and designed to straddle the binding site for the antisense ON. The predicted amplification product size was 451 bp. To the master mix, 6 l of reverse transcribed cDNA per condition was added together with Taq polymerase (2.5 U) to a total volume of 100 l. The tubes were covered with light mineral oil and denatured at 95 Њ C for 30 s, annealed at 59 Њ C for 1 min, extended at 72 Њ C for 1 min for a total of 35 cycles, and then extended at 72 Њ C for 5 min. Preliminary experiments showed that amplification was linear with 35 cycles or less.
After amplification, 10-l aliquots of PCR products from each condition were separated on a 1% agarose gel. ␤ -actin was also amplified from each condition to control for nonspecific effects of the phosphorothioate antisense ONs. The ␤ -actin PCR primers, obtained from Research Genetics, Inc. (Huntsville, AL), amplified a 289-bp region of exon 3 of human ␤ -actin cDNA. The ␤ -actin PCR was performed as described previously, except only 1 l of reverse transcribed cDNA per condition was used. The density of the amplified PCR products was measured from photographs of DNA gels stained with ethidium using the AlphaImager IS2000 Digital Imaging System (Alpha Innotech Corp., San Leandro, CA).
Northern Blot Analysis of SP-A mRNA
Total RNA was isolated by a single-step acid-phenol-chloroform extraction method (28) . A total of 10 g of total RNA per condition was separated by gel electrophoresis (1.2% agarose), transferred by capillary action to a nylon membrane (S&S Nytran; Schleicher & Schuell, Keene, NH), baked 30 min, UV crosslinked (UV Stratalinker 1800; Stratagene, La Jolla, CA), and prehybridized as previously described (29) .
SP-A and SP-B cDNA probes (kindly supplied by J. Whitsett, Department of Pediatrics, University of Cincinnati, Cincinnati, OH) were radiolabeled with [ ␣ -32 P]deoxycytidine triphosphate using a random priming kit (Amersham, Arlington Heights, IL). A ␤ -actin cDNA probe (American Type Culture Collection, Rockville, MD) was used to control for loading. Hybridization was performed as described (29) , and mRNA levels were quantitated by densitometry of autoradiographs (AMBIS Radioanalytic and Visual Imaging System; Ambis Inc., San Diego, CA). To control for loading artifacts, the density of the ␤ -actin bands was measured, and the density of the SP-A and SP-B bands was then normalized to the density of their corresponding ␤ -actin band. The densitometric data were then normalized to the control condition with the control condition set equal to one for each experiment.
Western Blot Immunoanalysis of SP-A
Starting tissue and harvested explants were homogenized in phosphate-buffered saline (PBS) with 1 mM phenylmethylsulfonyl fluoride, leupeptin (20 g/ml), soybean trypsin inhibitor (5 g/ ml), and 5 mM ethylenediaminetetraacetic acid (EDTA). Samples were centrifuged (600 ϫ g ) for 5 min, and supernatant protein (75 g per lane) was separated by electrophoresis on a 12.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel, transferred to an Immobilon-P membrane (Millipore Corp., Bedford, MA), and blocked as described (30) . The membrane was incubated for 1 h at room temperature with guinea pig polyclonal antihuman SP-A antibodies (1:1,000 dilution), rinsed with double-distilled water, then incubated with sheep antiguinea pig immunoglobulin (Ig) G conjugated to alkaline phosphatase (1:2,000 dilution; Boehringer Mannheim Corp., Indianapolis, IN) for 1 h at room temperature, and then washed as previously described (30) . The immunoreactive SP-A bands were then detected by incubating the membrane at room temperature for 30 min in a solution containing 100 mM Tris (pH 9.5), 100 mM NaCl, 5 mM MgCl 2 , 5-bromo-4-chloro-3-indoyl phosphate (165 g/ml), and nitro blue tetrazolium (330 g/ml). The membrane was rinsed in distilled water, dried, and photographed. The relative amount of immunoreactive SP-A present in each sample was quantitated by densitometry (AMBIS Radioanalytic and Visual Imaging System, Ambis Inc.). The densitometric data from each blot were normalized to the control condition with the control value set equal to one for each experiment.
Immunohistochemistry for EGF Receptor
From three different experiments, two explants per condition after culturing for 5 d were sectioned and stained. After harvesting, the tissue was frozen immediately in liquid nitrogen and stored at Ϫ 70 Њ C. The frozen tissue was mounted in an optimal cutting temperature compound, and 7-m sections were prepared with a cryostat and thaw-mounted on glass slides. Sections were fixed for 10 min at room temperature in freshly prepared 10% formalin in PBS. The sections were rinsed twice for 10 min per rinse in PBS. Endogenous peroxidase activity was quenched by incubating sections in 0.3% H 2 O 2 in methanol for 30 min followed by rinsing twice in PBS for 10 min. The sections were stained using an avidin biotinylated complex kit (Vectastain Elite kit; Vector Labs, Burlingame, CA). Nonspecific binding sites were blocked by incubating the sections with 2% normal goat serum in PBS for 20 min at room temperature followed by a second blocking step using 2% normal goat serum and 0.25% BSA for 20 min. The sections were rinsed in PBS, then incubated for 1 h in a humidified chamber at room temperature with a mouse antihuman EGF receptor antibody (Upstate Biotechnology, Inc., Lake Placid, NY) at a dilution of 1:50 in PBS. The tissue sections were washed two times in PBS, 5 min per rinse, then incubated for 30 min in biotinylated secondary antibody, then rinsed two times in PBS, 5 min per rinse. The sections were then incubated for 45 min in avidinperoxidase reagent. After rinsing two times in PBS, 5 min per rinse, the sections were incubated in diaminobenzidine (700 g/ml) for 1 to 3 min. Sections were rinsed in PBS for 5 min, rinsed quickly in distilled water, then dehydrated and mounted with glass coverslips. In some experiments, the sections were counterstained with hematoxylin for 30 s. Negative staining controls were incubated with secondary antibody alone and were performed for all experimental conditions. Sections were viewed and photographed with a Nikon FX photomicroscope (Nikon, Tokyo, Japan).
Immunoprecipitation and Immunoblotting of Phosphotyrosine Proteins
The harvested explants were homogenized in PBS with 200 M sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, leupeptin (20 g/ml), soybean trypsin inhibitor (5 g/ml), and 5 mM EDTA. The resulting homogenates (500 g of total protein) were incubated with monoclonal antiphosphotyrosine agarose conjugate (20 g, UBI) for 2 h at room temperature with shaking. Immune complexes were pelleted by centrifugation, and the supernatant was discarded. The pellet was resuspended by boiling, and the proteins were separated on a 7.5% SDS-polyacrylamide gel electrophoresis gel. The phosphotyrosine proteins were then transferred to an Immobilon-P membrane (Millipore Corp.). Nonspecific binding was blocked by an overnight incubation at 4 Њ C with 3% nonfat dry milk in PBS. The membrane was then incubated for 3 h at room temperature with a mouse monoclonal antiphosphotyrosine antibody (1:1,000 dilution, Upstate Biotechnology, Inc., Lake Placid, NY), rinsed, and then incubated with goat antimouse IgG conjugated to alkaline phosphatase (1:2,000 dilution; Boehringer Mannheim) for 1 h at room temperature. The membrane was rinsed and the immunoreactive tyrosinephosphorylated bands were detected by incubating the membrane at 25 Њ C for 30 min in 100 mM Tris (pH 9.5), 100 mM NaCl, 5 mM MgCl 2 , 5-bromo-4-chloro-3-indoyl phosphate (165 g/ml), and nitro blue tetrazolium (330 g/ml). The membrane was rinsed in distilled water, dried, and photographed. The relative amount of immunoreactive tyrosine-phosphorylated protein visualized at 170,000 D, which is the presumptive tyrosine-phosphorylated EGF receptor, was quantitated by densitometry using the AlphaImager 2000 (Alpha Innotech Corp.).
Statistical Analysis
All data are presented as the mean Ϯ standard error of the mean. The effects of antisense and sense ONs on EGF receptor mRNA, SP-A mRNA, and SP-A protein levels were statistically evaluated by one-way analysis of variance (ANOVA). The assessment of significant differences among multiple comparisons was performed using the Dunnett's test when we compared all the different experimental treatments to the control group alone. In the experiments in which we examined differences among all possible experimental conditions in a pairwise manner, we used the Student-Neuman-Keuls test (SigmaStat, SPSS, Inc., Chicago, IL). Significance was defined as P Ͻ 0.05. The unpaired Student's t test was used for experiments not involving multiple comparisons.
Results
Antisense Inhibition of EGF Receptor mRNA
Initially, we used an antisense EGF receptor ON to selectively mediate the degradation of EGF receptor mRNA in cultured fetal lung tissue. We performed dose-response experiments in tissue cultured for 3 d under the following conditions: starting tissue (tissue before culture), control, lipofectamine (carrier), sense EGF receptor ON (15 to 90 M), and antisense EGF receptor ON (15 to 90 M). In doseresponse experiments, we found that an antisense ON concentration of 90 M would consistently eliminate EGF receptor mRNA as measured by RT-PCR (Figure 1 ). Treatment with antisense EGF receptor ON significantly lowered the amount of EGF receptor mRNA present in cultured human fetal lung explants in a dose-dependent manner, with message levels decreasing by over 90% at a concentration of 90 M (0.08 Ϯ 0.07) compared with either control (1.0) or li-pofectamine (0.88 Ϯ 0.14) ( Figure 1B) . There was no effect on EGF receptor mRNA in explants exposed to similar concentrations of sense EGF receptor ON (ANOVA, P ϭ 0.515, control set equal to 1.0, 90 M sense equaled 0.84 Ϯ 0.10). Neither sense nor antisense EGF receptor ONs affected the level of ␤ -actin mRNA ( Figure 1A) .
Using the information derived from the dose-response experiments, in which treatment with 90 M antisense EGF receptor lowered EGF receptor mRNA in cultured human fetal lung tissue, we performed seven additional experiments using both sense and antisense EGF receptor ONs at a concentration of 90 M. We cultured explants for 3 d in the presence or absence of either sense or antisense EGF receptor ONs and measured the concentration of EGF receptor mRNA present by RT-PCR. Steady-state levels of EGF receptor mRNA decreased significantly after 3 d in culture with the antisense EGF receptor ON when compared with either the control, lipofectamine, or sense ON conditions, confirming the specific effect of the antisense ON in fetal lung tissue (Figure 2 ). We also measured the concentration of EGF receptor mRNA present by RT-PCR in human fetal lung explants exposed to 90 M antisense EGF receptor ON after 5 d in culture-the time point for all of the protein assays that were used. Again, there was complete absence of EGF receptor mRNA in the antisense group (data not shown, n ϭ 3), consistent with the 3-d data seen in Figure 1 .
Effect of Inhibiting EGF Receptor mRNA on Steady-State Levels of SP-A mRNA
We evaluated SP-A gene expression in explants in which EGF receptor mRNA gene expression was inhibited using antisense EGF receptor ONs. Total RNA was isolated from explants that had been cultured for 3 d with antisense EGF receptor ON (90 M) in which the decrease in EGF receptor mRNA levels was confirmed by RT-PCR as previously demonstrated (Figure 1 ). In the cultured tissue exposed to antisense EGF receptor ON, there was a significant decrease in steady-state levels of SP-A mRNA (Figure 3) . The sense EGF receptor ON did not significantly affect SP-A mRNA levels. Steady-state levels of SP-A mRNA increased with time in culture in the control, lipofectamine, and sense conditions compared with the undifferentiated starting tissue before culture ( Figure 3A) . Treatment with antisense EGF receptor ONs significantly decreased SP-A gene expression in cultured human fetal lung tissue compared with either control, lipofectamine, or sense conditions ( Figure 3B ).
Steady-state levels of SP-B mRNA were increased in the control, lipofectamine, and sense cultured conditions when compared with the undifferentiated start tissue (Figure 3A) . However, SP-B gene expression was not affected by exposure to the antisense EGF receptor ON ( Figure  3A ). In addition, antisense EGF receptor ON exposure did not alter steady-state levels of ␤ -actin mRNA ( Figure 3A) . The values were normalized to untreated controls with the control value set equal to one for each experiment. There was a significant dose-dependent decrease in EGF receptor mRNA levels with increasing concentrations of antisense EGF receptor ON (ANOVA, P ϭ 0.001). Significant decreases in EGF receptor mRNA levels compared with either control or lipofectamine were detected at an antisense concentration у 30 M (Dunnett's test, *P Ͻ 0.05). There was no effect of sense EGF receptor ON on EGF receptor mRNA. There was a significant decrease in EGF receptor mRNA levels in the antisense treated group (n ϭ 7, ANOVA, P Ͻ 0.001). Antisense treatment significantly decreased EGF receptor mRNA levels when compared with either the control, lipofectamine, or sense groups (Student-Newman-Keuls, *P Ͻ 0.05).
Effect of Inhibiting EGF Receptor mRNA on SP-A Content
Immunoreactive SP-A protein was measured in human fetal lung explants cultured for 5 d with antisense EGF receptor ON. There was a significant 50% reduction in SP-A protein in tissue exposed to antisense EGF receptor ON compared with control ( Figure 4 ). This decrease was consistent with the SP-A mRNA data (Figure 3) . SP-A content was not significantly decreased with 5 d of exposure to the sense EGF receptor ON or to lipofectamine ( Figure  4B ). There was an apparent 21% reduction in SP-A content in the vehicle (lipofectamine) condition; however, this decrease was not statistically significant. Because the antisense plus vehicle (lipofectamine) condition showed a significant decrease, but the vehicle (lipofectamine) condition alone did not, the effect observed was most likely due to the presence of the antisense EGF receptor ON and not due to the vehicle. However, if there was a small additive, nonspecific effect of lipofectamine on SP-A synthesis in addition to the effect on SP-A synthesis from antisense inhibition of EGF receptor gene expression, our study would not have had the power to prove this effect significant. As an additional control, the tissue was cultured for 4 d with a scrambled EGF receptor ON that did not decrease SP-A protein as compared with the antisense condition (data not shown).
Effect of Inhibiting EGF Receptor mRNA on Immunolabeled EGF Receptor
Immunohistochemical staining for EGF receptor was performed on frozen sections of cultured fetal lung tissue in order to observe the post-translational effects of using antisense EGF receptor ONs to selectively inhibit EGF receptor mRNA. EGF receptor immunostaining was detected in epithelial cells lining the prealveolar ducts of the undifferentiated start tissue before culture (data not shown). Immunostaining for the EGF receptor was clearly observed in distal pulmonary epithelium lining the ducts of control fetal lung explants that had been cultured for 5 d ( Figure 5A ). However, in the explants cultured for 5 d with antisense EGF receptor ONs, there was a minimal amount of EGF receptor immunostaining detected in the distal pulmonary epithelial cells that lined the ducts (Figure 5C ). This attenuation of immunostaining for the EGF receptor was not seen in explants cultured with either the sense EGF receptor ON ( Figure 5D ) or lipofectamine alone ( Figure 5B ). The decreased degree of detectable EGF receptor immunostaining in explants exposed to antisense EGF receptor was replicated in two additional experiments using different starting tissue. An additional control, consisting of a scrambled antisense EGF receptor ON, also did not affect EGF receptor immunostaining, results similar to the sense ON condition (data not shown). In the explants treated with EGF receptor ON, there was decreased cellularity of the connective tissue compared with the control and lipofectamine conditions, with the prealveolar ducts remaining intact ( Figure 5 ). Negative staining controls using secondary antibody alone were performed for all experimental conditions and resulted in an absence of immunostaining (data not shown).
Effect of Inhibiting EGF Receptor mRNA on Basal EGF Receptor Tyrosine Phosphorylation
To determine the post-translational effects of using antisense EGF receptor ONs to selectively inhibit EGF receptor mRNA, we measured basal levels of tyrosine-phosphorylated EGF receptor in human fetal lung explants cultured for 5 d in the presence or absence of antisense EGF receptor ON (90 M). Densitometric analysis of tyrosine-phosphorylated EGF receptor was performed, and the densities of the 170-kD bands from each blot were normalized to the lipofectamine (vehicle-control) condition, which was set at a value of one, and compared between blots. The lipofectamine control condition was chosen as the condition for normalization of the data between blots in order to minimize any nonspecific effects of lipofectamine. There was a significant reduction in tyrosine-phosphorylated EGF receptor in tissue exposed to antisense EGF receptor ON compared with lipofectamine (vehicle) (Figure 6 ). These data were consistent with the decrease in EGF receptor mRNA seen after 3 d of antisense EGF receptor ON treatment (Figure 1) . The level of tyrosinephosphorylated EGF receptor was not significantly decreased after 5 d of exposure to the sense EGF receptor ON compared with either lipofectamine or the control condition ( Figure 6 ). Additonally, there was no difference between the control and lipofectamine conditions in the amount of tyrosine-phosphorylated EGF receptor present.
Cytotoxicity
The release of LDH into the media from fetal lung tissue cultured for 3 d in the presence of 90 M antisense EGF 
Discussion
SP-A is the most abundant of the surfactant proteins and serves many functions, including helping to form tubular myelin, facilitating the surface tension reducing properties of surfactant phospholipids, regulating the recycling and secretion of surfactant phospholipids, and contributing to local host-defense mechanisms in the lung (31) . In human fetal lung explants, EGF has been shown to significantly increase SP-A expression and synthesis (16) . EGF mediates its effects through a cell-surface receptor dependent on intrinsic tyrosine kinase activity for initiation of its signal transduction pathways (32, 33) . We have previously shown that inhibition of EGF receptor tyrosine kinase with tyrphostin blocks the expression of SP-A during spontaneous differentiation of cultured human fetal lung explants (25) . However, the possibility exists that other receptor tyrosine kinases (e.g., platelet-derived growth factor [PDGF] receptor, insulin-like growth factor 1 receptor, or fibroblast growth factor receptor [4] ), independent of the EGF receptor tyrosine kinase, could also have been affected by tyrphostin, and thus the observed effects may not purely represent the function of the EGF receptor alone. Because pharmacologic agents have limitations regarding their degree of specificity, we decided to inhibit expression of the EGF receptor gene by using antisense ONs to selectively mediate the degradation of EGF receptor mRNA. This, in turn, would result in a selective decrease in EGF receptor content, and thus the observed effects of exposure to antisense EGF receptor ONs on SP-A should be specific to the EGF receptor and not to other receptor or nonreceptor tyrosine kinases.
Antisense ON strategies to inhibit growth factors or their receptors have been performed successfully in embryonic tissue cultures. Potts and colleagues (34) used phosphoramidate-modified ONs at a concentration of 1 M to inhibit transforming growth factor ␤ 3 in embryonic chick heart explants. Seth and coworkers (23) used unmodified ONs at a concentration of 30 M to inhibit EGF expression in cultured embryonic mouse lungs. Souza and associates (35) used phosphorothioate-modified ONs at a concentration of 10 M to inhibit PDGF receptor expression in cultured embryonic rat lungs. We found that we needed a slightly higher concentration of the phosphorothioate-modified ONs than others have used owing to the thickness of the human fetal lung explants compared with embryonic chick, mouse, and rat explants. Still, the concentration of ON that we used was at a similar order of magnitude to that used in previous studies in embryonic lung tissue. The 1-mm cubic thickness of these explants was also the most likely cause for some variability in the degree to which we were able to eliminate EGF receptor from within each epithelial cell. The farther the epithelial cells were from the periphery of the explant, the more difficult it would have been for the antisense ON to diffuse into the cell. Thus, this would result in a few of the epithelial cells still having detectable immunoreactive EGF receptor as seen in the immunohistochemistry ( Figure 5C ).
We chose to evaluate the role of the EGF receptor on the developmental regulation of SP-A in human tissue using cultured fetal lung explants as an in vitro model of human lung development. Previously, it has been shown that epithelial cells within undifferentiated midtrimester human fetal lung tissue spontaneously differentiate into alveolar type II cells with the ability to synthesize SP-A after 3 to 4 d in explant culture (25, 30) . Additionally, these distal lung epithelial cells express EGF receptors on their cytoplasmic membranes (19) , which supports a role for the EGF receptor in the developmental regulation of SP-A synthesis. Thus, we evaluated the effects of selectively inhibiting EGF receptor gene expression on SP-A content and gene expression in cultured human fetal lung tissue.
We found that treatment with antisense EGF receptor ONs significantly decreased SP-A mRNA and protein in cultured human fetal lung explants compared with the control, sense, and scrambled ON conditions. This is an important finding because SP-A content would be predicted to greatly increase in the control explants with time in culture (25) , whereas treatment with antisense EGF receptor ON limited the increase in SP-A content by over 50% compared with control explants. Treatment with antisense EGF receptor ON also resulted in decreased expression of SP-A mRNA, consistent with an inhibitory effect at the pretranslational level. Our observation that SP-A gene expression was decreased by antisense inhibition of EGF receptor agrees with previous work by Raaberg and coworkers (36), who described decreased immunostaining for SP-A in EGF-deficient newborn rats, thus supporting the importance of the EGF receptor pathway for SP-A synthesis.
The effect of antisense EGF receptor ON on SP-A Figure 6 . Tyrosine phosphorylation of EGF receptors from fetal lung explants cultured for 5 d in the presence of either lipofectamine, sense EGF receptor ON, or antisense EGF receptor ON. EGF receptor tyrosine phosphorylation was quantitated by densitometry after explants were homogenized, and then immunoprecipitated and immunoblotted with antibodies to phosphotyrosine. There was a significant decrease in tyrosine-phosphorylated EGF receptor after exposure to the antisense EGF receptor ON (ANOVA, P ϭ 0.026; *Student-Newman-Keuls, P Ͻ 0.05 antisense group compared with vehicle control [lipofectamine] ). There were no significant differences between either control, lipofectamine (vehicle control), and sense ON conditions. Data are the mean Ϯ SE; n ϭ 4 separate experiments.
gene expression in fetal lung explants is due to its direct and specific effect on the EGF receptor itself and not to a global effect of the ONs on overall gene expression. We showed that treatment for 3 d with antisense EGF receptor ON significantly decreased EGF receptor gene expression without affecting the expression of ␤-actin. Additionally, in the explants treated for 5 d with antisense EGF receptor ON, there was an obvious qualitative decrease in the level of immunoreactive EGF receptor, implying a decrease in EGF receptor protein is consistent with a drop in EGF receptor mRNA. Immunostaining for the EGF receptor was only seen in the epithelial cells lining the ducts in the fetal lung explants, and thus the effects of inhibiting EGF receptor gene expression was specific to these distal pulmonary epithelial cells. Additionally, we found that exposure for 5 d to antisense EGF receptor ON significantly reduced basal levels of tyrosine-phosphorylated EGF receptor by 43% ( Figure  6 ). These data confirm that a quantitative reduction in EGF receptor protein is found 2 d after the 3-d time period it takes for the antisense ON to significantly decrease EGF receptor mRNA levels. This time frame is consistent with the half-life of the EGF receptor, which is estimated to be 10 h in human fibroblasts (32) , and thus there would be adequate time for the protein to begin to degrade from baseline.
In explants exposed to phosphorothioate ONs, there was a decrease in the cellularity of the connective tissue, whereas the epithelial cells lining the prealveolar ducts remained intact. This was not a result of cytotoxicity because there was not an increase in the release of LDH into the media. Furthermore, the ONs did not inhibit the expression of either SP-B or ␤-actin mRNA. Thus, the decreased connective tissue cellularity was most likely a nonspecific (sequence independent) effect of the phosphorothioate ONs. These compounds have been previously shown to interact nonspecifically with a number of cellular proteins (37) . The mechanism of interaction relates, in part, to the polyanionic nature of the phosphorothioates, which mimics the charge density of heparin (38, 39) . Sequence independent binding of phosphorothioate ONs to both laminin and fibronectin, extracellular matrix proteins possessing heparin-binding domains, has been previously reported (40) . Decreasing the availability of heparin-binding sites on these important extracellular proteins in the lung appears in our explants to inhibit the normal migration and attachment of cells within the connective tissue. We have observed decreased cellularity of connective tissue between alveolar ducts after culturing with five different phosphorothioate ONs (experimental and control sequences). These findings are consistent with the hypothesis that phosphorothioate ONs decrease connective tissue cellularity by binding to and altering the extracellular matrix.
In conclusion, we have demonstrated a direct cell-specific link between EGF receptor and the regulation of SP-A gene expression during human type II cell differentiation in vitro. Thus, the presence of intact EGF receptors is critical for the induction of SP-A in the fetal lung. This effect appears to be specific to SP-A because we saw no change in either SP-B expression or in the progression of the pulmonary epithelium from columnar to cuboidal cells in the antisense ON condition. How a decrease in EGF receptors leads to decreased SP-A mRNA levels (i.e., decreased transcription or decreased message stability) will have to be addressed in future experiments.
